Low-mass X-ray binaries containing weakly magnetized neutron stars may be divided into two classes, Z and atoll sources, based in large part upon the patterns which they trace in plots of two X-ray colors. In this paper, we examine color-color diagrams of nine atoll sources and five Z sources using data from the Rossi X-ray Timing Explorer. The five-year span of data we have examined is significantly longer than those of previous studies. We find that the previous clear distinction between atoll and Z sources may be an artifact of incomplete sampling, as those atoll sources which are sampled over a wide dynamic range in intensity (F max /F min 80) trace three-branched color-color patterns similar to the tracks for which Z sources are named. This suggests that the two classes are more intimately related than previously realized, which also has been suggested based upon recent timing studies. However, detailed differences in the spectral behavior of the two classes argue against any simple unification.
Low-mass X-ray binaries (LMXBs) containing weaklymagnetized neutron stars may be divided into two classes, Z and atoll sources, based upon correlations between their spectral colors and Fourier timing properties at X-ray wavelengths (Hasinger & van der Klis 1989) . Plots of a "hard" color against a "soft" color from Z sources usually form a Z shape that is traced on time scales of hours to days. Plots from atoll sources often resemble a band of points at constant hard color, with "islands" of points with larger hard colors appearing on time scales of weeks and months (see Figure 1 ). Power spectra from both types of sources may be described with similar broad-band noise components, but Z sources exhibit strong (up to 10% rms) quasi-periodic oscillations (QPOs) between 1-60 Hz, while atoll sources do not (but see Psaltis, Belloni, & van der Klis 1999) . The exact causes of the spectral and timing variability is still unknown, and the only clear physical difference between the two classes of source is that Z sources are more luminous than atoll sources (see van der Klis 1995, for a review).
In this Letter, we examine the spectral changes that occur in Z and atoll sources, using the public archive of observations taken with the Proportional Counter Array (PCA; Jahoda et al. 1996) aboard RXTE. This unprecedented database of PCA observations, which samples the spectral variability of LMXBs on time scales from seconds to years, allows us to present a complete picture of the X-ray color changes that occur in these systems.
data analysis
We have obtained all of the publicly available RXTE PCA data as of 2001 September (along with some proprietary data) for fourteen neutron star LMXBs (Table 1) . Eight of these LMXBs have been previously classified as atoll sources and five as Z sources (van der Klis 1995; Reig et al. 2000) , while one (GS 1826−238) is probably an atoll source since it prolifically produces themonuclear X-ray bursts van der Klis 1995) . The public archive of pointed observations of these sources contains many dozens of observations between 3000 to 30,000 seconds long, spanning over five years.
We have examined data with 128 energy channels between 2-60 keV and 16 s time resolution from the PCA, and daily flux histories from the RXTE All-Sky Monitor (ASM; Levine et al. 1996) . We list some basic properties of the sources in Table 1 . The variability is defined as the ratio of the maximum to minimum count rate observed with the PCA between 2-18 keV, and is a lower limit to the true value. This sample of sources spans a factor of 100 in average luminosity, and a factor of 1000 in variability.
We have defined hard and soft colors as the ratio of the background-subtracted detector counts in the (3.6-5.0)/(2.2-3.6) keV and the (8.6-18.0)/(5.0-8.6) keV energy bands, respectively, to produce color-color and colorintensity diagrams (Figures 1-3 ). We use 64 s integrations to calculate the colors when the source intensity is above 100 counts s −1 , and 256 s integrations otherwise. Gain changes in the five individual proportional counter units (PCUs) of the PCA over the course of the mission cause systematic variation in these count rates (e.g., Homan et al. 2001 , for a more detailed discussion). Therefore, we have normalized the count rates from the Crab Nebula in each PCU to constant values for each energy band (totaling 2440 counts s −1 PCU −1 in the 2.2-18.0 keV band) using linear trends. When this correction is applied, the hard and soft colors from the Crab Nebula have values of 1.358 and 0.679, with standard deviations of only 0.5% and 0.1% respectively.
results
In Figure 1 , we display two color-color diagrams that we have chosen to illustrate the original motivation for the Z and atoll classification. The continuous band at constant hard color from the atoll source 4U 1820−303 represents 1 Alfred P. Sloan Research Fellow 1 Fig. 1. -Classic examples of Z and atoll behavior in color-color diagrams. These sources were chosen specifically because the RXTE observations occurred in a manner that emphasizes the traditional features (see text). Typical uncertainties are indicated to the side of the data. We have highlighted data spanning twenty days for GX 340+0 (seven observations between MJD 50600-50620), as the source traces a Z on day-long time scales. The overall position of this Z on the color-color diagram drifts on longer time scales.
relatively high PCA count rates, while the island at higher hard color occurs at lower intensities. This island appears disconnected because the public PCA observations do not sample the transition between the high and low intensity states. The Z-shape from GX 340+0 is traced on time scales as short as a day, but the bulk pattern moves on longer time scales. We have highlighted data spanning 20 days for this source in Figure 1 , in order to allow an easy comparison between the short and long-term spectral variability. The X-ray intensity is not monotonically correlated with the colors in GX 340+0 (see below).
We plot the remaining sources in our sample in Figure 2 . The most striking aspect of Figure 2 is that the atoll sources that vary by the widest range in X-ray intensity -Aql X-1, 4U 1608−522, and 4U 1705−44 (Table 1) -trace Z-shaped patterns in their color-color diagrams. This is the first time these three-branched patterns have been observed from atoll sources because previous observations did not adequately sample atoll sources that varied by such a large range in intensity. Several more sources that vary by no more than a factor of 10 in X-ray intensity trace only a portion of this complete track. 4U 1820−303 in Figure 1 The shape of the tracks from the Z sources Cyg X-2, GX 17+2, GX 5−1 (Figure 2 ), and GX 340+0 (Figure 1 ) are unmistakably Z-shaped, but are somewhat different from those of the atoll sources. GX 349+2 traces only the bottom portion of this Z. In general, Z sources are softer than atoll sources. Moreover, the traditional Z sources trace out a full track on time scales as short as a day, while atoll sources trace out their color-color diagram on much longer time scales of 30-100 days. As has been previously noted, the width of the track perpendicular to the direction of motion is much smaller in traditional Z sources than in atoll sources when observed on time scales of days (e.g van der Klis 1995). On the five-year time scales of Figure 2 , both the Z and atoll sources exhibit 10-20% variations in the colors perpendicular to the direction of motion that traces the Z.
It is interesting to note that the color-color diagram of GX 13+1 in Figure 2 resembles that of the Z source GX 17+2 more than those of the other atoll sources. Admittedly, the classification of GX 13+1 has been controversial (e.g., Bandyopadhyay et al. 1999 ). Further study is required to determine whether GX 13+1 shares additional similarities with the Z sources, and whether its X-ray properties have changed significantly since it was first classified as an atoll source (Hasinger & van der Klis 1989) .
The intensity changes that accompany this spectral variability are shown in Figure 3 , where we have plotted the hard and soft color as a function of the 2-18 keV PCA count rates for the atoll source Aql X-1 and the Z source GX 5−1. These sources are representative of all of the sources, so we now examine their behavior in detail. The horizontal portion at the top of the color-color track of Aql X-1 (with a hard color of about 0.8 in Figure 2) represents intensities from less than 4 × 10 −4 times the PCA count rate from the Crab, up to 0.1 Crab. The count rate is generally larger to the right along this branch in the color-color diagram, but the increase is not monotonic. The diagonal portion of the color-color track from Aql X-1 ( Figure 2) , with hard colors between 0.4 and 0.6, is traced at an approximately constant rate on the time scale of a few days. During the rise of transient outbursts from Aql X-1, the diagonal branch is traced with a higher count rate (0.04 Crab) than in the decay (0.02 Crab) ( Figure 3) . The bottom portion of the color-color track from Aql X-1 (hard color of 0.3) represents the behavior of these sources as they increase to the highest count rates (0.05-0.5 Crab in Aql X-1). The count rate once again increases from left to right in Figure 2 .
In contrast, the color-intensity diagram of GX 5−1 (Figure 3) illustrates that a given intensity is even less correlated with the spectral colors in the Z sources than in the atoll sources. The top portion of the color-color track from GX 5−1 (hard color of 0.4 in Figure 2 ) is traced as the count rate increases by 70% (Figure 3) . Aql X-1 increases in intensity by a factor of 250 at the top of its color-color track. On the diagonal portion of the colorcolor track of GX 5−1, the count rate returns to its lowest values. In atoll sources, the intensity is nearly constant. On the bottom of the color-color track, the count rate of GX 5−1 steadily increases yet again by 70%, much less than the factor of 10 increase in the count rate from Aql X-1 at the bottom of its track. The intensity from other Z sources changes by up to a factor of three on this track (e.g., Homan et al. 2001, for GX 17+2) .
The hardness-intensity diagram of the atoll source Aql X-1 in Figure 3 also reveals important sub-structure on short time scales that is common to all of the atoll sources in Table 1 . This structure is most evident in the plot of soft color against count rate, where narrow, parallel tracks are traced by observations within single days. At low intensities (less than 200 counts s −1 PCU −1 ), the soft color varies as the count rate remains nearly constant, while at the highest intensities, the soft color and count rate both increase significantly together. On the color-color diagram in Figure 2 , these daily tracks are generally aligned perpendicular to motion along the Z, and thus broaden the color-color tracks of the atoll sources. Figure 1 ). The atoll sources that vary by the widest range in intensity trace Z-shaped tracks, similar to those of Z sources. The remaining atoll sources trace portions of this complete track. The Z sources differ from the atoll sources in that they tend to be softer, and they trace their full range of spectral variability on time scales of days and with smaller intensity variations. GX 13+1 is unusual, in that it has been previously classified as an atoll source, yet its color-color diagram resembles that of the Z source GX 17+2 more than any other source. We have highlighted data spanning twenty days for sources that trace a complete pattern in their X-ray colors on day-long time scales: MJD 50980-51000 for GX 13+1, MJD 50810-50830 in GX 349+2, MJD 50990-51010 for Cyg X-2, and MJD 50530-50550 for GX 17+2. Each time interval contains between 4-17 observations.
We have demonstrated that the color-color diagrams of both Z and atoll sources have similar three-branched shapes, suggesting that the two classes are more closely related than previously thought (Figure 2) . However, there are still significant spectral differences between the two source classes of source (Schulz & Wijers 1993; Christian & Swank 1997; Barret et al. 2000) . The spectra of Z sources are soft, and can always be described by the sum of a cool (1 keV) black body and Comptonized emission from warm (5 keV) optically thick electrons (e.g., Christian & Swank 1997; Di Salvo et al. 2000) . Spectral changes along the Z are quite subtle (e.g., Schulz & Wijers 1993) . In contrast, changes in the energy spectra of atoll sources are dramatic. While soft energy spectra resembling those of Z sources are characteristic of atoll sources at the bottom of their color-color diagrams (e.g., Oosterbroek et al. 2001 , for Ser X-1), a hard state with a Γ ≈ 1.8 power-law energy spectrum between 2-100 keV occurs at the top of this diagram when the sources are faint (e.g., Barret et al. 2000 , for GS 1826 . Such a hard spectrum is not observed from Z sources, probably because they are not observed at low luminosities (Table 1 and Figure 3) .
At the same time, recent work has suggested that the timing properties of Z and atoll sources may have interesting similarities. It has long been suggested that the broad-band noise in power spectra of Z and atoll sources can probably be described by similar components (van der Klis 1995), and detailed studies of RXTE data have -Plots of hard and soft color versus the PCA count rate between 2-18 keV for Aql X-1 (left) and GX 5−1 (right). Notice that narrower correlations between color and count rate are observed on time scales of a day in Aql X-1. For GX 5−1, we have highlighted observations spanning 20 days to account for global shifts in the position of the colors on longer time scales, as in Figure 1. shown that the frequencies of QPOs and band-limited noise exhibit similar correlations in both types of sources Psaltis et al. 1999) .
The timing properties of neutron star LMXBs eventually may allow us to understand what drives the spectral variability. Several studies have found that the kHz QPO frequencies are well-correlated with position on the colorcolor diagram in both Z (e.g., Homan et al. 2001) and atoll (e.g., van Straaten et al. 2001 ) sources. Examining Figure 3 , the short-term correlations between the colors and PCA count rate are extremely similar to the "parallel tracks" observed in comparisons of the frequencies of kilohertz quasi-periodic oscillations (kHz QPO) with the PCA count rate (van der Klis 2001). The parallel tracks are observed from kHz QPOs both in studies of individual sources , and in comparing the frequencies of QPOs from Z and atoll sources that span a wide range of luminosity . Based upon these parallel tracks, van der Klis (2001) has suggested that the kHz QPO frequencies are determined by a feedback process that is sensitive to deviations in the accretion rate about its mean value during the previous few days. Further work is needed to determine whether the same feedback mechanism can operate to produce spectral variations in both Z and atoll sources, on widely different time scales and over ranges in luminosity that differ by factors of 100. This work was supported by NASA, under the contract NAS 5-30612 and the grant NAG 5-9184. 
